Microscopic observation and micrometric measurements of microarterial vessels in the mesentery of the anesthetized rat, during chemical interference with the vasomotor nerve supply, showed (A) marked (average 25X) hypersensitization to epinephrine; (B) persistent vasoconstriction; and (C) depression or cessation of vasomotion. These and concomitant similar reactions of the precapillary sphincter resulted in relative ischemia and frequent reversal of blood flow through the endothelial capillary network. A comparable hypersensitization to epinephrine, observed in six isolated perfused microarterial vessels, upon shift in internal static pressure strongly suggests that the change in reactivity of the vascular smooth muscle cell seen in vivo might also be related to a local change in transmural pressure. The plot of the logarithm of epinephrine threshold concentration vs. the approximate circumferential wall tension (computed for selected in vivo and in vitro experiments neglecting wall thickness) showed a steep rise in vessel sensitivity occurring concomitantly with decrease in wall tension. Thus it appears that hypersensitization of microarterial muscle cells which develops during the hypotensive episode of acute chemical nerve blockade in the rat may be primarily related to a modification in wall tension.
• Interference with the neuromotor influence in a vascular area, either surgically or chemically, results in vasodilatation and heightened vascular sensitivity in that area, the vasodilatation being related to the inhibition of the normal steady neurogenic tonic impulses to the vessels. The increased sensitivity of the smooth muscle cell to drugs, on the other hand, has been attributed either to an increase in permeability of the membrane of the denervated cell (1) or to environmental modifications of a chemical nature, such as the decrease in amine oxidase (2) or acetylcholine (3) content of the denervated vascular structures. A possible altera-tion in the physical equilibrium of wall tension has also been suggested as a cause of smooth muscle sensitization (4, 5) .
These reports on the vascular reactions following denervation have been based upon observations of modifications in the gross circulatory parameters, and hypotheses concerning the behavior of the microcirculatory system were made without data specific to that system per se. The few microscopic observations and measurements of microvascular adjustments after localized, regional surgical denervation in tissue areas such as the rabbit ear (3) and the bat's wing (5) made no reference to vasomotion, capillary blood flow, arterio-venous shunting, tissue ischemia or hyperemia.
Inasmuch as tissue perfusion is largely under the control of local regulatory mechanisms, experiments have been designed to determine what changes in microcirculatory reactions would result from chemical interfer-329 ence with the sympathetic innervation. The present paper is concerned with observation and measurements of microvascular adjustments during spinal anesthesia and during ganglionic blockade with pentolinium. In addition and for purposes of comparative analysis, the results of experiments in isolated, artificially perfused microscopic vessels, sensitized by a simple shift in internal pressure, will also be described. This study shows that microarterial hypersensitivity accompanying extensive chemical denervation may be primarily the result of mechanical changes in the vessel wall. It also presents, for the first time, a detailed description of flow modifications in the mesentery capillary bed, subsequent to chemical sympathectomy in the rat.
Methods
All experiments were carried out on the microvascular system of female rats of the Wistar strain (Carworth Farm Nelson), weighing from 130 to 170 g.
IN VIVO EXPERIMENTS

Pragongllonlc Blockade
Two to three days before the experiment, the animals in this group were prepared for the subarachnoid injection of the anesthetic drug by implanting a fine (PE 10) polyethylene tubing in the spinal canal. On the day of observation, the animal was lightly anesthetized with pentobarbital sodium (25 mg/kg). After local infiltration of a 1% procaine solution, the left carotid artery was cannulated, a tracheostomy was performed and the mesoappendix was exteriorized and prepared for microscopic observation (6) . The rate and depth of respiration were kept constant with the aid of a Rodent Respirator model 680 (Harvard Apparatus Co., Inc.). After eight to twelve minutes for stabilization of the preparation, the following parameters were noted: (1) continuous measurement of systemic arterial pressure with a Statham transducer #P27Gb and a Model 7 Grass Polygraph; (2) the general appearance of the entire vascular bed, including the character of flow (rapid, slow, stagnant, or reversed) and the number of patent capillaries; (3) the presence or absence of vasomotion (by noting the frequency of cyclic activity of arterioles and the precapillary sphincters); (4) the threshold reactivity of the microarterial vessels to topically applied epinephrine; and (5) the presence or absence of stasis, petechial hemorrhages, leukocyte sticking, and sludging or rouleaux formation. In CircuUtion Rtsurcb, Vol. XX, Mircb 1967 addition, a muscular precapillary arteriole was selected for quantitative recordings of its diameter throughout this experiment.
Spinal anesthesia, and thus preganglionic sympathetic blockade, was produced by the injection of 0.03 ml of a mixture of tetracaine hydrochloride (Winthrop), 5 mg/ml, and dextrose, 5 mg/ml, in water through the previously implanted catheter. Anesthesia, as determined by response to pin prick, absent deep reflexes, and presence of intercostal paralysis, usually extended to the mid-thoracic level. Observations were then recorded at frequent intervals until blood pressure and skin sensitivity had returned to control levels for at least 15 min.
Ganglionic Blockade
After the control measurements of systemic arterial pressure and observations of the microcirculatory parameters, a subcutaneous injection of 1.0 mg of pentolinium tartrate (Ansolysen, Wyeth) was made; observations were recorded until the blood pressure had returned to control levels and remained there for at least 15 min.
In both types of chemical nerve blockade, changes in microarterial lumen diameter were observed at 880 X magnification and measured using the image-splitting television microscope method previously described (7) . This system allows for rapid measurements and permanent analogue recordings of the dimensions of microscopic objects to an accuracy of 0.300 fi. Each full electrographic deflection is the measure of the observed vessel lumen size at that moment. Before induction of the blockades, at least four rapid consecutive control measurements of the diameter of the vessel lumen were made, and the time course of vasoconstriction-vasodilatation was recorded, in relation to a known amount of topically applied epinephrine solution. Subsequent to the injection of the blocking agent, the vessel lumen size and its response to the epinephrine were recorded at 3 to 5 min intervals. In order to determine the level of response of the precapillary sphincters to topical epinephrine and to evaluate the character of over-all flow in the capillary bed in the field, observations were made at lower magnification (60 X).
IN VITRO EXPERIMENTS
Isolated Vascular Preparation
To test the effects of pressure changes per se, we used the rat mesoappendix vasculature preparation, isolated and perfused with mammalian Ringer's solution containing 3% bovine albumin and gassed with a mixture of 95% O 2 -5!8 CO 2 . The microvessels so prepared had a steady rate of flow and level of reactivity for more than a 2hour period of observation (8) . The response to topical epinephrine was recorded at an arterial perfusion pressure of 110 mm Hg, keeping venous outflow pressure at 4 mm Hg. The vein was then connected to the artery via the cannula and a static pressure was created at 70 mm Hg throughout the system; the measurements were repeated within 2 to 3 min following each successive stepwise drop of internal static pressure.
In all instances, epinephrine hydrochloride (Adrenaline, Parke-Davis), freshly diluted in distilled water to a concentration of 10 /i,g/ml, served as a stock solution. Further final dilution was made with warm (37°C) Ringer's solution just before topical application. A total volume of 0.05 ml of the drug solution was delivered against the wall of the ultrapack water immersion lens. Inasmuch as the tissue was continuously moistened with Ringer's solution, which further diluted the administered epinephrine, we noted the amount delivered to achieve a 50 to 60% narrowing of the selected target vessel. In representative experiments, both in vivo and in vitro, a simple diagram of approximate circumferential wall tension was derived from the pressure and diameter values, for correlation to sensitivity changes.
Results
GANGLIOmC BLOCKADE
The protocol ( Fig. 1) is representative of the microcirculatory reactions which developed during hypotension produced by pentolinium. Within 5 min after its administration, when the mean systemic arterial pressure had dropped from 120 to 80 mm Hg, a well developed sensitization of the muscular microvessel was present. Only 1/10 the concentration of epinephrine was needed to close the precapillary sphincters within 15 to 20 sec and to achieve narrowing of the arteriole comparable to the control period. This sensitization was progressively enhanced as the mean blood pressure further dropped to 70 mm Hg within 10 to 15 min following injection of pentolinium. It reached peak sensitization 10 to 15 min later, when only 1/40 the concentration of epinephrine was needed. With the improvement of blood pressure, the sensitivity of the microarterial vessel returned to control values, also in a parallel stepwise fashion.
Modification of the spontaneous activity of the mesentery microvessel during ganglionic blockade may be better interpreted when it is considered separately in the precapillary vessels and the precapillary sphincter.
Precapillary Vessels. The slow rhythmic unsynchronized slight narrowing and widening of the arterioles and metarterioles, observed at high (880X) magnification before blockade, became fleetingly exaggerated in rate-three-to fourfold-immediately following the injection of pentolinium, i.e., during the initial rapid drop in systemic blood pressure. The activity of the precapillary microarterial vessel, however, began to decline within 3 to 5 min after pentolinium and usually completely ceased 8 to 15 min later. Vasomotion in the microarterial vessels reappeared and regained full control rhythmic activity later than recovery of epinephrine threshold concentration (E. T. C.)
Precapillary Sphincter. Before pentolinium injection, the activity of the precapillary sphincter may be rhythmic, with intermittent partial opening and closure in some and, in others, the sphincter might be in the constricted or dilated phase of the cycle. Following pentolinium . injection, however, the sphincters opened one by one and remained so throughout the period of hypotension. Rhythmic vasomotion or selective closure of the sphincters returned concomitantly with the restoration of blood pressure but slightly before the appearance of vasomotion in the parent microarterial vessels.
Within 3 to 5 min after pentolinium, blood flow was slower in the feeding arterioles and metarterioles. This pattern of slower flow, although varying somewhat from one experiment to another, was consistent and prevalent throughout the period of hypotension. Blood flow in the intervening true capillary network became progressively slower during maximal hypotension following blockade. At low (60X) power of the microscope, fewer and fewer capillaries were seen to participate in the circulation, in spite of the wide open state of the precapillary sphincter. At high (880X) magnification, the column of blood was seen to bypass many of the opened precapillary segments. In essence, flow became increasingly restricted to preferential channels. Normal near control diameter (11.7 to 11.8 fi) at about 35 to 40 min after injection of the blocking agent. The diameter of the lumen then remained relatively constant until the end of the 75-min period of observation, at which time both the microvascular parameters and the systemic arterial pressure had returned to control levels. With minor variation from one experiment to another, the above described modifications in microvascular reactions were observed and recorded in 14 other rats injected with pentolinium (Table 1 and top,  Table 2 ).
PREGANGLIONIC BLOCKADE (SPINAL ANESTHESIA)
Except for a shorter duration of events, similar microcirculatory reactions developed during the mid-thoracic spinal anesthesia pro- Table 2 ). During the hypotension of spinal blockade, a consistent decrease in vessel lumen size (23.9%) and cessation of vasomotion were accompanied by marked increase in vessel reactivity to epinephrine stimuli (average decrease in E. T. C. 25X).
Sensitization of the chemically denervated mesentery microvessels to epinephrine was invariably accompanied by a decrease in vessel lumen size. This raises the possibility that changes in wall tension per se might be responsible, in some measure, for the observed modification in vessel behavior. After the law of Laplace, the tension which tends to stretch the vessel circumferentially, is proportional to the pressure and to the ratio of inner radius to wall thickness. However, the physical properties of the structures of the different size microvessels are undetermined and, as their walls contain few or no elastic fibers, their distensibility depends largely upon their smooth muscle. Therefore, in order to examine CircuUtion Ru-rcb, Vol. XX, AUrcb 1967 the possible relation of vessel sensitization to changes in wall tension, approximate tension was computed from the expression T = PR, where P is the transluminal pressure 1 in dynes per square centimeter and R is the average measured internal radius, neglecting wall thickness as suggested for a thin-walled tube (9) (computed for the arteriole in Fig.  1, hypotensive period) . A progressive sensitization to the drug stimuli developed along with the decrease in wall tension (left, Fig. 2 ).
HYPERSENSITIVITY IN ISOLATED ARTIFICIALLY PERFUSED MICROVESSELS
The possible contribution of changes in wall tension per se to sensitization of microarterial smooth muscle was further investigated, utilizing an isolated, artificially per-] Since transluminal pressure values at the site of the observed microvessel in experiments with pentolinium are not available, P in the equation = S of the driving arterial pressure. fused mesentery microvascular system. This type of experiment is exemplified in an arteriole with a 35.0-p lumen diameter (Fig.  3) . The vessel exhibited a 61.5!£ decrease in lumen size upon topical application of 0.05 ml of 1.0 /ig/ml epinephrine solution at control perfusion pressure (P.P.) of 110 mm Hg, keeping venous outflow pressure at 4 mm Hg. A shift to 70 mm Hg static pressure (S.P.) made by connecting artery and vein resulted in a decrease in lumen size, from 35.0 to 34.0 IX. The vessel lumen then remained unchanged (apparent rigidity) in spite of a subsequent stepwise drop in internal pressure to 60 mm Hg, then 50 mm Hg. Notwithstanding the unchanged vessel lumen size, a progressively lesser concentration of the epinephrine was required to achieve vasoconstriction comparable to the control period. Further drop in pressure resulted in a narrowing of the vessel lumen and additional sensitization to epinephrine. Figure 1 (in vivo) and Figure 3 (in vitro) . There is a steep rise in smooth muscle sensitivity to epinephrine with decline in tension. Note (in vitro) the muscle hyperreactivity also developed with decline in tension alone and was unaffected by the resting diameter of the vessel (period of apparent rigidity). Effects of internal static pressure drop on the reactivity of an isolated perfused arteriole. Four rapid recordings (before arrows) accurately measure the resting diameter of the target vessel after every pressure decrement. 'Note, at arrows, the progressive dilution of the stimulating drug required to reproduce vessel response comparable to control in spite of the unchanged vessel lumen diameter "apparent rigidity." Further sensitization occurred when static pressure (S.P.) decreased to 45 and 40 mm Hg respectively. Vessel sensitivity returned toward control levels when internal S.P. was restored to 70 mm Hg and then to perfusion pressure of 110 mm Hg. The gap in the electrogram (immediately after arrows) results from the time required for the observer to initiate vessel image-splitting following topical application of the stimulating drug. (Data same as in experiment 1, Table 3 .)
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Effect of changes in arteriolar wall tension on epinephrine sensitivity. Ordinate == circumferential wall tension in arteriole computed from pressure-radius values. Values on the abcissa are: radius of the lumen (R» •) in micra; log of the epinephrine concentration in grams per miUiUter (log Epi x--x). Plotted from data in
With the return of pressure to 70 mm Hg S.P. and then to 110 mm Hg P.P., the diameter of the lumen increased to 32.5 fi and then to 33.4 fj, and became hyporeactive. With some variation from one preparation to another, in the extent of apparent rigidity of the vessels and in the level of E.T.C., sensitization developed in four other vessels studied as a direct result of the internal pressure drop ( Table 3 ). The tension diagram (right, Fig.  2 ), derived from data in Figure 3 , shows a progressive sensitization of the vessel, even at three points of unchanging lumen diameter, when tension (in dynes per centimeter) dropped from 154.5 to 110.5. Thus, close relation is emphasized between wall tension and microvascular sensitization (which is not necessarily related to vessel lumen size).
Discussion
This study has shown that, in the mesenteric microvasculature of the rat, vasomotor nerve blockade either during spinal anesthesia with tetracaine (0.15 mg) or ganglionic blockade with pentolinium results in significant modifications of basic mechanisms that (1) control the microcirculation. The sustained vasoconstriction of the precapillary vessels described is the opposite of the immediate marked vasodilatation which follows both localized and regional surgical denervation (3, 5) . This narrowing at the time of a sustained drop in systemic arterial pressure strongly suggests the occurrence of concomitant vasodilatation in other areas, with diversion of the Circulation R,,*,rcb, Vol. XX, Mtrcb 1967 available circulating blood away from the splanchnic area. Our own unpublished observations of an immediate arteriolar dilatation in a striated (cremaster) muscle of the rat, under similar experimental conditions, substantiate this view. This pattern of microvascular reaction during extensive vasomotor nerve blockade is quite plausible on the basis of both the well known unequal outflow of nerve fiber (10) and the differing levels of neurogenic tonic impulses to the various vascular areas (11) (12) (13) . The fact that the feeding precapillary arterioles regain lumen diameter upon restoration of the control levels of blood pressure indicates that the observed vasoconstriction is passive in nature, possibly the result of a local adjustment of the microvessels to a decrease in perfusion pressure. The heightened sensitivity of the mesocecum microarterial vessels to topical epinephrine during chemical nerve blockade conforms to the behavior of similar vascular structures, under comparable conditions of drug stimuli, in the chronic sympathectomized dog (14) . This behavior of the vascular smooth muscle is not an exclusive characteristic of the mesentery vessels. Current unpublished studies from this laboratory show that sensitization occurs also during pentolinium blockade and spinal tetracaine anesthesia in the microvascular system of the striated muscle in the same species.
Effects of Pressure Changes in the Reactivity of Vessel's Smooth Muscle to Topically Applied Epinephrine
Sensitization of smooth muscle cells in surgically denervated vascular structures, localized or regional, has been attributed to a number of factors (1) (2) (3) . The microvascular smooth muscle sensitization of acute generalized chemical sympathectomy reported here is of rapid appearance and of limited duration. Although a transient, reversible environmental disequilibrium of a chemical nature, and/or changes in some other local vasoactive metabolites, cannot be ignored, it is also possible that the increased responsiveness can be explained on a simple physical basis. The diagram of circumferential wall tension (left, Fig. 2) , showing development of hypersensitivity concomitantly with fall in tension, is, in this context, revealing. The comparable steep rise in sensitivity in the artificially perfused microarterial vessels during tension decline, while the lumen remains nevertheless unchanged (right, Fig. 2 )-a microvascular characteristic previously disclosed (15)-is so remarkable as to make it difficult to escape the conclusion that the events thus represented must be very closely related. Since the steady tension of the vessel is a primary function of the elastic and collagenous fibers (16), the resulting realignment or slackening of such elements in the fabric of the wall (however small) will allow to the active component (i.e., the smooth muscle cell) a greater freedom of action in response to a given stimulus. A similar physical-structural change has been proposed to explain the vascular hyperresponsiveness to intra-arterially injected norepinephrine observed during induced low initial vascular tone in the cat (17) . The rapid and complete recovery of the altered microvascular sensitivity upon restoration of internal pressure in both in vitro and in vivo experiments further supports this view.
Cessation of vasomotion in microarterial vessels and precapillary sphincters during hypotension of chemical blockade raises the following question: Is the quiesence directly due to the curtailment of tonic neurogenic impulses to the effector unit, the smooth muscle cell, or is it a consequence of secondary modifications in local mechanisms, among them those pertaining to the mechanicalphysical features of the microvessel wall? Current (unpublished) studies in this laboratory showing, during chemical blockade, a relatively unchanged level of vessel activity and reactivity (providing perfusion pressure is kept invariable) emphasize the latter mechanism. This, and the fact that the dynamic activity of the precapillary sphincter returns first upon restoration of systemic arterial pressure, strongly suggests a greater dependency of the smooth muscle for its tonic activity at this level of the circulation, on nonneurogenic, regulatory factors. This is in accord with the reported enhanced activity of arterial microvessels to increased intraluminal pressure both in nerve intact and denervated structures (18) .
The diminished number of perfused capillaries, with increasingly restricted flow through preferential channels during the period of maximal hypotension, is indicative of a sharp drop in the perfusion head of pressure in feeding arterioles. The present experiments, however, do not allow any final conclusions relative to the possible effects of the observed CircuUticm Rts-rcb, Vol. XX, hUrcb 1967 modifications in the microcirculation on tissue metabolism and humoral changes or to their effect on the microvascular activity and reactivity.
